[1] The heating rate of the outer electron radiation belt at geosynchronous orbit is determined for the interval from 36 to 72 h after the onset of high-speed stream-driven storms. Multisatellite measurements of the radiation belt temperature are used for 93 high-speed stream-driven storms. During the storms, the outer electron radiation belt temperature changes from ∼120 keV to ∼190 keV. The average heating rate of 32 keV d is obtained. The heating rate during the storms is found to be positively correlated with the solar wind velocity and with the Kp index of geomagnetic activity and to be negatively correlated with the solar wind number density. When the solar wind velocity is held fixed, the correlation of the heating rate with Kp vanishes. Expressions for the change in the heating rate as function of the solar wind speed, the solar wind density, and the Kp index are fit to the data. The heating rate is uncorrelated with the amplitude of magnetic field fluctuations in the magnetosphere. Correlations between the heating rate and the level of velocity, density, and magnetic field fluctuations in the magnetosphere and in the solar wind are weaker than the correlations of the heating rate with the solar wind velocity and density. The heating rates correspond to a kinetic energy density change of 3.6 × 10 −11 erg cm
Introduction
[2] During geomagnetic storms the fluxes of relativistic electrons in the middle magnetosphere can reach dangerous levels, bringing on the designation "killer electrons" [Graham, 1994] . Determining the critical conditions and physical mechanisms producing these energetic electrons are among the most important problems being studied in radiation belt physics [Friedel et al., 2002; Hudson et al., 2008] . Geomagnetic storms can be divided into two types : CME-driven (coronal mass ejection driven) storms and CIR-driven (corotating interaction region driven) storms. These two types are also known as cloud-driven storms and high-speed stream-driven storms, respectively. Of the two types, high-speed stream-driven storms are more important for the production of high fluxes of relativistic electrons in the magnetosphere [Paulikas and Blake, 1976; Love et al., 2000; Lam, 2004; Borovsky and Denton, 2006] .
High-speed stream-driven storms have long durations (several days) and tend to recur with the 27 day rotation period of the Sun.
Density-Temperature Description
[3] The solar wind that drives the high-speed streamdriven storms tends to have a repeatable signature leading to a calm/storm cycle, with a few days long calm before the storm and a storm lasting for several days. During the calm before the storm the relativistic electron flux of the outer electron radiation belt decays slowly. Early in the storm the relativistic electron flux often drops rapidly to a level at or below instrument backgrounds and then partially recovers. During the several days of the storm the relativistic electron flux steadily increases. The electron flux reaches a peak value several days into the storm, with the flux peaking later in time for higher energies [Nagai, 1988; Baker et al., 1990; Borovsky et al., 1998a] . It is possibly the long durations of high-speed stream-driven storms that make them so efficient at producing high fluxes of relativistic electrons.
[4] Discussion of the evolution of the outer electron radiation belt often focuses on the flux of the relativistic electrons. A flux description makes sense, particularly because the particle fluxes relate directly to measures of spacecraft damage [Wrenn et al., 2002; Romanova et al., 2005] and penetrating radiation instrument backgrounds [Borovsky et al., 1998a] . During high-speed stream-driven storms the measured fluxes of relativistic electrons can increase by orders of magnitude [Varotsou et al., 2008] .
[5] Another useful description of the evolution of the outer electron radiation belt comes from a density-temperature point of view wherein the entire population of radiation belt electrons is considered Borovsky et al., 1998a; Denton et al., 2010] . Measurements of the number density and the temperature of the outer electron radiation belt can be obtained from the same instruments that provide electron flux measurements Pierrard and Lemaire, 1996; Cayton and Belian, 2007] . At geosynchronous orbit (6.6 R E ), typical number densities of the outer electron radiation belt are 1 × 10 −4 −8 × 10 −4 cm −3 and typical temperatures are 100-200 keV [Denton et al., 2010] . The density-temperature description clarifies processes such as heating, particle gain, or particle loss that can be ambiguous when observed only in single-energy flux measurement. During the latter phases of high-speed stream-driven storms the relativistic electron flux increases by orders of magnitude: in the flux description this looks like a need for a powerful acceleration mechanism whereas in the density-temperature description this is viewed as a modest heating of the outer electron radiation belt.
Sensitivity of the Flux to Changes in Density and Temperature
[6] The outer electron radiation belt at geosynchronous orbit is well fit by a relativistic Maxwellian distribution function Pierrard and Lemaire, 1996] . In the present study, relativistic Maxwellian fits to the electron count rates in energetic electron detectors are used to obtain measurements of the density and temperature of the radiation belt electrons, and with the same detectors fits to electron count rates are used to obtain differential electron fluxes at fixed energies. The relativistic Maxwellian distribution function f(E) used for the fit is of the form [Cayton and Belian, 2007] where E is the electron kinetic energy, m e is the electron rest mass, c is the velocity of light, a = m e c 2 /T, K 2 is a modified Bessell function, n is the number density, and T is the temperature in energy units (i.e., with Boltzmann's constant absorbed). From the distribution function f(E), the differential energy flux F(E) at energy E of a relativistic Maxwellian distribution is given by [Cayton and Belian, 2007 ; T. Cayton, private communication, 2009 ] F(E) = 2m e E(1 + E/2m e c 2 ) f(E). Using this and expression (1) the differential flux at energy E is written
where the functions h and g are defined as
with a = m e c 2 /T. At energies E that are greater than the temperature T, the differential flux (expression (2)) is a very sensitive function of T; that is, a small change in T yields a large change in F. An expression of interest is ∂F/∂T, which will describe the connection between these changes DF and DT. In the temperature range of interest 50 keV < T < 500 keV (which is approximately 1 < a < 10) the function g(T) (expression (3b)) can be well approximated by 
where in expression (6) E and T are in units of keV. Using (1/F)∂F/∂T = ∂log e (F)/∂T, expression (5) simplifies to @ log e F ð Þ=@T % b keV T; E ð Þ: ð7Þ
[7] Figure 1 plots ∂log e (F)/∂T as a function of T for E = 1.1 MeV (solid curve) and for other values of E (dashed curves) using expression (6). As can be seen by the solid curve, in the vicinity of T = 150 keV the value of the derivative is ∂log e (F)/∂T ≈ 0.036 keV −1
. Using this value, for a change in temperature DT of 60 keV going from T = 120 keV to T = 180 keV the logarithm of the differential flux log e (F) at E = 1.1 MeV changes by an amount Dlog e (F) = [∂log e (F)/∂T]DT = (0.036)(50) = 2.16. Thus, for a ∼40% increase in the temperature, the logarithm of the relativistic Figure 1 . For a relativistic Maxwellian distribution, the logarithmic derivative of the differential flux F with respect to temperature T is plotted. The solid curve is for the flux at an electron energy of 1.1 MeV, and the dashed curves are for the flux at lower and higher energies as indicated. electron flux changes by 2.16 and the relativistic electron flux F changes by a factor of e 2.16 = 8.7, which is 870%. A modest change in the temperature of the outer electron radiation belt leads to a large change in the flux [cf. Borovsky et al., 1998a] .
[8] Note from expression (2) that the differential energy flux varies linearly with number density n. Hence a doubling of the number density of the outer electron radiation belt would result in a doubling of the flux F at all energies.
This Study
[9] In this study the heating rates of the outer electron radiation belt during high-speed stream-driven storms will be measured. Multispacecraft measurements of energetic electrons at geosynchronous orbit will be used during 93 high-speed stream-driven storms. Superposed epoch analysis will be used, both superposed averaging and statistical analysis of collections of data from similar epochs. Correlations between measured heating rates and (1) the level of geomagnetic activity, (2) the solar wind velocity, (3) the solar wind number density, (4) the level of geomagnetic fluctuations at geosynchronous orbit, (5) the level of solar wind velocity fluctuations, (6) the level of solar wind density fluctuations, and (7) the level of solar wind magnetic field fluctuations will be examined to determine the effect of these physical quantities on the heating rates. Examination of the correlations will provide indications of parameters linked to heating rates for the outer electron radiation belt, but will not provide definitive information. Owing to multiple interconnected correlations between variables interpretation of individual correlations will be difficult.
[10] This manuscript is organized as follows. In section 2 the methodology of the study is discussed, including event selection and data sets. In section 3 an overview of the 93 high-speed stream-driven storms is presented, including a look at the solar wind that drives the storms, the geomagnetic activity reaction of the magnetosphere, and the evolution of the outer electron radiation belt. In section 4 the heating rates (in units of keV per day) of the outer electron radiation belt at geosynchronous orbit are measured and the values obtained are collected into Table 1 . In section 5 the correlations between measured heating rates and the Kp index of geomagnetic activity are explored and in section 6 the correlations between measured heating rates and the solar wind velocity and number density are explored. Section 7 contains an analysis of the four-way correlations between the heating rate, the Kp index, the solar wind speed, and the solar wind density to determine which correlations are more causal. In section 8 the correlations between the measured heating rates and the levels of magnetic field fluctuations in the magnetosphere are explored. In section 9 the correlations between the measured heating rates and the amplitudes of velocity fluctuations, density fluctuations, and magnetic field fluctuations in the solar wind are explored. Section 10 contains a discussion of the measured heating rates and a discussion of energization mechanisms. The study is summarized in section 11. Estimates of the statistical significance of correlation coefficient are discussed in Appendix A.
Methods

Event Selection
[11] The 93 high-speed stream-driven storms used in the present study are a subset of the 124 recurring high-speed stream-driven storms utilized in several previous studies Borovsky, 2008, 2009; Borovsky and Denton, 2008 , 2009a , 2009b Denton et al., 2010] . Those 124 highspeed stream-driven storms were chosen according to the strength and duration of magnetospheric convection. The 124 storms were found by using the McPherron list of solar wind stream interfaces [McPherron and Weygand, 2006; R. McPherron, private communication, 2007] and then examining temporal plots of the Kp index to identify storms following the stream interfaces. Only storms that are preceded by and/or followed by another storm 27 days earlier or later were accepted into the collection. From the original 124 storms, 21 were eliminated as being weak or short lived [Borovsky and Denton, 2010a] , leaving 93 robust high-speed streamdriven storms. These storms are from the years 1993-2005. A search for more recent storms was made by examining solar wind and geomagnetic data for the years 2006-2008, where 27 day repeating high-speed streams are prevalent. However, the geomagnetic activity driven by those streams in 2006- 2008 is weak in terms of magnetospheric convection and so no additional storms were selected.
Data Sets
[12] The magnetospheric population of energetic electrons is measured by the Synchronous Orbit Particle Analyzer (SOPA) [Belian et al., 1992; Cayton and Belian, 2007] onboard 7 satellites in geosynchronous orbit (6.6 R E ). The SOPA detectors measure count rates of electrons in the energy range ∼30 keV to >2 MeV every 10 s. Spin-averaged count rates are used to produce differential flux measurements [Belian, 1999] . Additionally in the current study, the spin-averaged counting rates for each electron energy channel are modeled as linear combinations of two Maxwellian components plus a nonelectron "background" contribution; minimizing the squared deviations between the observed and model counting rates summed over 10 electron channels yields the best fit two Maxwellian spectra (see Cayton and Belian [2007] for full details). Spin-averaged count rates (obtained by averaging over the spacecraft spin) are fit rather than omnidirectional count rates (obtained by integrating over the pitch angle distribution); analysis has shown that spinaveraged and omnidirectional quantities are almost identical for the energetic electrons measured by SOPA at geosynchronous orbit (R. Friedel, private communication, 2009) . Cayton et al. [1989] found that relativistic bi-Maxwellians are excellent fits to the omnidirectional electron fluxes at geosynchronous orbit; Pierrard and Lemaire [1996] drew similar conclusions for the outer electron radiation belt away from geosynchronous orbit. The bi-Maxwellian fitting describes two independent populations of electrons: a "soft" population of electrons with a temperature of ∼30 keV and a "hard" population of electrons with a temperature of ∼150 keV. The "soft" population is the suprathermal tail of the electron plasma sheet whose appearance at geosynchronous orbit is associated with substorm injections [Lezniak et al., 1968; Cayton et al., 1989; Birn et al., 1998 ]. The "hard" population is the outer electron radiation belt Belian et al., 1996] . The temperature and density are determined every 10 s by SOPA from each satellite. To reduce the influence of outliers when the measurements are noisy, and to produce a more manageably sized data set, median values of the density and temperature are calculated for every 30 min of data [cf. Denton et al., 2010] .
[13] To measure magnetic field fluctuations in the magnetosphere, vector magnetic field measurements from the GOES spacecraft [Singer et al., 1996] in geosynchronous orbit are used. The GOES spacecraft measures the magnetic field vector using a fluxgate magnetometer [Dunham et al., 1996] . Data from the years 1995-2005 are utilized, involving 5 GOES satellites (GOES-8 -GOES-12). Typically, two GOES spacecraft are in operation at any one time. For the spacecraft GOES-8 only, the magnetic field measurements are corrected by subtracting 7.22 nT from the z component magnetic field following the recommendations of Tsyganenko et al. [2003] . Before use, all of the GOES magnetic field data is cleaned to eliminate magnetosheath intervals using the methodology of Borovsky and Denton [2010a] . The magnetic field measured by the GOES satellites was not as reliable prior to 1995 as it is after 1995: using magnetic field measurements only from 1995 onward provides measurements for 63 of the 93 highspeed stream-driven storms [see also Borovsky and Denton, 2010a] .
[14] The 1 h resolution values of the solar wind velocity and the level of fluctuations in the direction and speed of the solar wind and of the vector magnetic field of the solar wind are obtained from the OMNI2 solar wind data set [King and Papitashvili, 2005] . Values of the Kp index of geomagnetic activity are also obtained from the OMNI2 data set.
Specific Entropy
[15] This report will introduce the use of measurements of the specific entropy (entropy density) of the outer electron radiation belt. The specific entropy S = T/n 2/3 of the outer electron radiation belt at geosynchronous orbit will be calculated from the half hour median temperature T and density n measurements. Examination of the measured specific entropy is useful (1) for monitoring nonadiabatic processes such as heating acting on a population of particles and (2) for discerning whether two populations of particles can have the same origin. Examining the value of the specific entropy S = T/n 2/3 in time series data is a powerful method of discerning different plasmas [e.g., Burlaga et al., 1990; Crooker et al., 1996; Borovsky et al., 1998c; Burton et al., 1999; Osherovich et al., 1999; Lazarus et al., 2003; Neugebauer et al., 2004; Pagel et al., 2004; Borovsky, 2008] .
[16] The outer radiation belt electrons are usually considered to be a nonfluid population of electrons governed by single-particle motion [Roederer, 1970] whereas the specific entropy as a conserved quantity is a fluid/thermodynamic concept. The specific entropy S = T/n 2/3 as a conserved quantity holds for an adiabatic gas which collisionally remains isotropic [cf. Jeans, 1954] or for an adiabatic magnetized plasma that remains isotropic [cf. Birn et al., 2009] . The isotropy assumption is built into the selection of the adiabatic index G being G = 5/3 for the expression S = P/n G = T/n 2/3 . When a population of energetic particles trapped in a dipole magnetic field is constantly isotropized (by pitch angle scattering), the behavior of the population is adiabatic (as shown in Appendix 2 of Borovsky et al. [1981] ); if the isotropization is not constantly enforced, the population can undergo nonadiabatic evolution [cf. Goertz, 1978] . For the outer electron radiation belt isotropy may or may not be a good assumption: surveys of the pitch angle isotropy of the outer electron radiation belt are rare [cf. West et al., 1973; Kaye et al., 1978; Selesnick and Blake, 2002] . The assumption of isotropy will be implicit in the present data analysis and the specific entropy expression S = T/n 2/3 will be used; future analysis by the authors will produce densities and temperatures of the electron Maxwellians as functions of pitch angle and will utilize a "double adiabatic" expression for the specific entropy [cf. Birn et al., 1995] .
Superposed Epoch Analysis
[17] Because of the repeating nature of high-speed streamdriven storms and their solar wind drivers, high-speed streamdriven storms are particularly amenable to superposed epoch analysis. For the superposed epoch analysis, the choice of a trigger to set the zero epoch is crucial [cf. Ilie et al., 2008; Denton et al., 2010] . For the present study the zero epoch is chosen to be the onset of storm levels of magnetospheric convection. For each storm, the onset time of convection (storm onset) is determined from a temporal drop in the MBI (midnight boundary index) index. MBI is an index created from measurements of the location of the low-latitude edge of the diffuse auroral precipitation as determined by DMSP satellite overflights, mathematically shifted to local midnight [Gussenhoven et al., 1983] . MBI is a proxy for the position of the inner edge of the electron plasma sheet [Elphic et al., 1999] , which makes it an excellent indicator of magnetospheric convection, as is Kp [Thomsen, 2004] , but with MBI having higher time resolution than the 3 h Kp index. For each of the 93 storms, storm onset is taken to be the time at which MBI crosses the value 60.7°, which is approximately equivalent to the Kp index reaching 4.3. The storm onset times were determined to about 30 min accuracy. Note that this convection onset trigger differs from the minimum Dst triggers used in older superposed epoch investigations of high-speed stream-driven storms [Miyoshi and Kataoka, 2005; Denton et al., 2006; Zhang et al., 2006; Yermolaev et al., 2007; Longden et al., 2008] .
Data Fitting
[18] Thoughout the analysis, linear regression fits to the data (least squares linear fits) are used, with the value of Pearson's linear correlation coefficient R quoted [Bevington and Robinson, 1992, equation (11.17) ]. Statistical uncertainties in the values of the linear regression slopes are calculated from Bevington and Robinson [1992, equation (6.23) ]; these uncertainties depend on (1) the variance of the independent variable, (2) the variance of the dependent variable about the fit, and (3) the number of data points.
[19] Linear regression fits to (x, y) data points yield different formulae for fits of y as a function of x than they do for fits of x as a function of y, yielding lines with slopes that are "too shallow." This is particularly problematic when the linear correlation coefficient between x and y is weak [cf. Borovsky et al., 1998b] . To produce symmetric fits with the same formulas for x versus y fits as for y versus x fits, Gaussian linear fits are used. In performing Gaussian fits, the two variables are normalized so that they have the same standard deviations during the fitting.
Event Overview
[20] In Figure 2 an overview of the solar wind and geomagnetic activity is presented for the 93 high-speed streamdriven storms. In Figure 2 superposed averages of several quantities are plotted. The plots extend from 3 days prior to storm onset to 4 days after onset. A vertical dashed line denotes the time of storm onset. In Figure 2a the superposed average of the solar wind velocity at Earth is plotted. Prior to storm onset slow solar wind passes over the Earth. The solar wind makes a transition from slow wind to fast wind across a corotating interaction region (CIR) [Belcher and Davis, 1971; Gosling and Pizzo, 1999; Richardson, 2006] where slow and fast solar wind compress against each other. The onset of storm levels of magnetospheric convection (dashed vertical line) occurs within the CIR. The transition in solar wind velocity is followed by an extended interval during which the magnetosphere is bathed in fast solar wind. In Figure 2b the superposed average of B z (GSM) of the solar wind is plotted. Before storm onset B z tends to be northward (positive) and after storm onset B z tends to be southward (negative). This B z reversal is owed to a toward-away magnetic field sector reversal within the CIR and to the RussellMcPherron effect [Russell and McPherron, 1973] , leading to a calm before the storm and a subsequent storm [Borovsky and Steinberg, 2006] . Owing to plasma compression in the CIR, B is stronger within the CIR and so the magnitude of B z tends to be greater within the CIR [Borovsky, 2010] . In Figure 2c the superposed average of the Kp index is plotted. Kp is an indicator of the strength of magnetospheric convection. A dashed horizontal line at Kp = 2.3 demarks the average value of Kp. As can be seen, before storm onset the superposed average of Kp decreases below the average Kp value: this is owed to the occurrence of "calms before the storms"; about 66% of high-speed stream-driven storms are preceded by calms [Borovsky and Steinberg, 2006] . As can be seen in the plot, the Kp index rises quickly at storm onset and remains elevated above average for several days. The extended period of elevated magnetospheric convection demarks the high-speed stream-driven storm. In Figure 2d the superposed average of the Dst index and the pressurecorrected Dst* index are plotted. The correction for Dst* taken is Dst* = Dst −20.7P ram 1/2 + 27.7 [Borovsky and Denton, 2010a] , where Dst and Dst* are in units of nT and the ram pressure of the solar wind P ram is in units of nPa. The Dst indices are indicators of current systems that distort the magnetic field of the inner magnetosphere. As can be seen in Figure 2d , Dst* shows two phases: a strong negative perturbation lasting about 1 day and a weaker perturbation decaying slowly over several days. The strong negative perturbation of Dst* coincides in time with a strong stretching phase of the nightside geomagnetic field [Borovsky and Denton, 2010a] , indicating that this strong negative perturbation phase is owed to cross-tail current.
[21] In Figure 3 the superposed averages of several outer electron radiation belt quantities are plotted for the 93 highspeed stream-driven storms as functions of the time from storm onset. In Figure 3a the Kp index is plotted to show the storm activity. In Figure 3b the superposed average of the 1.1-1.5 MeV electron omnidirectional flux at geosynchronous orbit is plotted, averaged over all local time. As can be seen, before the storm the flux decays steadily with time and then near the time of storm onset the flux drops out. This is the "relativistic electron dropout" seen at the onset of highspeed stream-driven storms [cf. Freeman, 1964; Nagai, 1988; Blake et al., 2001; Onsager et al., 2002 Onsager et al., , 2007 Borovsky and Denton, 2009b] . About 1 day after dropout the flux partially recovers, and then the flux increases steadily in the several days of the high-speed stream-driven storm. This several day long increase in the relativistic electron flux is the interval that will be of interest for the present study.
[22] In Figure 3c the superposed average of the number density n of the outer electron radiation belt at geosynchronous orbit is plotted. The density plotted is an average of n over all local times. Prior to the onset of the storm, the number density of the outer electron radiation belt decays steadily with time: this decay is owed to the build up of plasmaspheric plasma in the magnetosphere during calms before the storms [Borovsky and Denton, 2009a] , which is thought to lead to the scattering of outer electron radiation belt electrons into the atmospheric loss cone by plasma waves in the dense plas- masphere [Smith et al., 1974; Kelley et al., 1975; Albert, 2004; Summers et al., 2004; Shprits and Thorne, 2004] . Near the time of storm onset the number density of the outer electron radiation belt rapidly decreases: this is the dropout of the outer electron radiation belt. A fraction of a day after the dropout, the number density rapidly increases: this is the recovery from dropout. Note that after recovery, the number density of the outer electron radiation belt at geosynchronous orbit is approximately constant for the several day duration of the storm. This temporal constancy of the number density during high-speed stream-driven storms has been noted before [Borovsky et al., 1998a; Borovsky and Steinberg, 2006] .
[23] In Figure 3d the superposed average of the temperature T of the outer electron radiation belt at geosynchro- nous orbit is plotted, averaged over all local times. In the days prior to the storm onset, the temperature of the outer electron radiation belt is approximately constant. This is the density decay at fixed temperature during the calms before the storms [Borovsky and Denton, 2009a] . During the density dropout near storm onset the temperature decreases to below 100 keV. This value may be erroneous, the temperature being difficult to discern when the number density is low. As the number density recovers ( Figure 3c ) the temperature is at first low (∼100 keV) and soon higher (120 keV) This indicates that as the electrons recover the first electrons that arrive at geosynchronous orbit have a temperature of ∼100 keV and the subsequent electrons that arrive are warmer. After density recovery the temperature of the outer electron radiation belt steadily increases (at constant number density) for the several days of the storm. This increase in the temperature of the outer electron radiation belt during the days of the storms will be the subject of this study.
[24] In Figure 3e the superposed average of the specific entropy S = T/n 2/3 of the outer electron radiation belt at geosynchronous orbit is plotted, averaged over local time. As can be seen, as the number density of the outer electron radiation belt decays during the calms before the storms, the specific entropy S of the outer electron radiation belt slowly increases. At the time of density dropout S rapidly increases. At the time of recovery from dropout the specific entropy S decreases strongly as the number density strongly increases. It is important to note that the specific entropy S of the outer electron radiation belt is different after recovery from dropout than it was before dropout: this indicates that the electron population after recovery is not the same electron population as before dropout. Finally, during the heating of the outer electron radiation belt at fixed density in the several days of the storm, the specific entropy of the outer electron radiation belt steadily increases. This increase is an indication of nonadiabatic processes ongoing, i.e., heating that is not due to adiabatic compression.
[25] To be able to gauge the spread in the measurements of the number density and the temperature, in Figure 4 the individual 1 h resolution measurements of the density and temperature for the 93 storms are plotted in gray, with a 100-point running averages plotted in red. As can be seen, there is considerable spread to the data, but the trend highlighted by the average is robust.
Measured Heating Rates
[26] In Figure 5 the superposed average of the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted in color as functions of the time from storm onset (horizontal axis) and the local time at geosynchronous orbit (vertical axis). (The temperature curve Figure 3d was a local time average of this data.) Note in Figure 5 that the temperature of the outer electron radiation belt tends to be higher at local noon than it is at local midnight. This is because equatorially mirroring energetic particles in the magnetosphere drift on orbits with constant magnetic field strength [Hones, 1963] and the magnetic field strength at geosynchronous orbit is on average higher at noon than it is at midnight [Tsyganenko, 1989; Borovsky and Denton, 2010a] ; this means that the radiation belt sampled at noon geosynchronous orbit is from a population closer to the Earth than the radiation belt sampled at midnight, resulting in hotter (and denser) values at noon than at midnight. The reader will be cautioned of this noon-midnight population difference throughout this report.
[27] Note in Figure 5 that the temperature of the outer electron radiation belt is constant in the days prior to storm onset, the temperature drops near storm onset and then increases slowly in the days following storm onset. This mild and slow increase in the electron radiation belt temperature at fixed number density produces the steady strong increase in the relativistic electron flux during the several day long high-speed stream-driven storms [cf. Borovsky et al., 1998a] .
[28] In Figure 6 (top) the superposed average of the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted. The black curve is the local time average of the superposed average of log 10 (T), the upper curve (red) is the superposed average of log 10 (T) in the noon sector (10-14 LT) and the bottom curve (blue) is the superposed average of log 10 (T) in the midnight sector (22-2 LT). In Figure 6 (bottom) the temperature is similarly plotted, where the temperature is the exponential of the superposed average of the logarithm of the temperature. Hence, Figure 6 (bottom) plots the superposed logarithmic average of the temperature. Again, the black curve is the local time average of the temperature, the upper curve (red) is the temperature in the noon sector (10-14 LT) and the bottom curve (blue) is the temperature in the midnight sector (22-2 LT).
[29] In the 36 h to 72 h range of times after storm onset, the superposed averages of log 10 (T) in Figure 6 (top) are well fit (thee green curves) by the formulas where T is in keV and t is the time after storm onset in days. Algebraically, expressions (8) where t is in units of days. Averaging expressions (9) over the time range from 36 h to 72 h after storm onset, the thee expressions yield mean values of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous in the time range 36-72 h after storm onset of DT 24 = 24 keV for all local times, DT 24 = 25 keV for the noon sector, and DT 24 = 24 keV for the midnight sector. Figure 6 . For the 93 high-speed stream-driven storms, superposed averages of the (top) logarithm of the temperature of the outer electron radiation belt and (bottom) temperature are plotted. The black curves are averages over all local times, the red curves pertain to the noon sector of local time, and the blue curves pertain to the midnight sectors. Storm onset is indicated by the vertical dashed line.
[30] In the 36 h to 72 h range of times after storm onset, the superposed averages of T in Figure 6 (bottom) are well fit (thee green curves) by the formulas
where T is in units of keV and t is in units of days. Expressions (10) yield time derivatives of the temperature of
[31] Expressions (11) yield values of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous in the time range 36-72 h after storm onset of DT 24 = 24 keV for all local times, DT 24 = 25 keV for the noon sector, and DT 24 = 23 keV for the midnight sector. These values, which are almost identical to the values obtained by fitting the superposed average of the logarithm of the temperature (previous paragraph), are entered into Table 1 .
[32] In Figure 7 the 24 h change DT 24 = T(t) − T(t−24 h) of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the time t since storm onset for the 93 high-speed stream-driven storms. Each point represents 1 h of satellite data at time t and 1 h of satellite data at time t −24 h. As can be seen from the black points the 24 h change in the temperature is negative early in the storm and then is positive for several days. For data pertaining to the noon sector of local time (10-14 LT) and to the midnight sector of local time (22-2 LT), 300-point running averages of DT 24 are plotted in red and blue, respectively, in Figure 7 . As can be seen from those two curves, the 24 h change in the temperature of the outer electron radiation belt is near zero before storm onset and it is near zero many days after storm onset; during the first day of the storm (the time of dropout and recovery) DT 24 is negative and during days 2-4 of the storm DT 24 is positive. The 300-point Figure 7 . For 93 high-speed stream-driven storms, measured 24 h changes DT 24 in the temperature T of the outer electron radiation belt are plotted (black points) as a function of the time from storm onset. A 300-point running average of the points pertaining to the noon sector of local time is plotted in red, and a 300-point running average for the midnight sector is plotted in blue.
running averages of DT 24 at local noon and at local midnight in the t = 36 h to t = 72 h time after onset are well fit by where DT 24 is in units of keV and t is in units of days. As can be seen by the black points in Figure 7 , there is a large spread in the measured values of the 24 h change in the temperature of the outer electron radiation belt at geosynchronous orbit. For the 36-72 h range of times after storm onset, the DT 24 values in Figure 7 are binned and the occurrence distributions are plotted in Figure 8 . The distribution plotted in black is of DT 24 measurements at all local times, the distribution in red is for measurements in the local noon sector (10-14 LT), and the distribution in blue is for measurements in the local midnight sector (22-2 LT). As can be seen the thee distributions in Figure 8 are similar, with the mean value of DT 24 being slightly higher at local noon than it is at midnight.
[33] Averaging the data in Figure 7 , the mean values of the 24 h change in the temperature in the 36 h to 72 h time after storm onset for high-speed stream-driven storms are
for local noon (10-14 LT), local midnight (22-2 LT), and all local times (0-24 LT). The reader is reminded that the populations sampled at local midnight and local noon are different. These values are entered into Table 1 .
[34] Note that there is a substantial difference between the heating rate obtained from temporal fits to the superposed epoch average of the temperature (e.g., expression (11a)) and the direct average of the 24 h differences of the measured temperatures (e.g., expression (13a)). The direct method is a cleaner measurement and should be the preferred. The weighting of the points that goes into the two methods differs considerably, and even the data that goes into the two methods differs. On the weighting: the superposed epoch method Figure 8 . The measured 24 h changes in the temperature DT 24 of the outer electron radiation belt at geosynchronous orbit for the 36-72 h interval after storm onset for the 93 high-speed stream-driven storms are binned. The black curve is the occurrence distribution for all local times, the red curve the occurrence distribution for local noon, and the blue curve the occurrence distribution for local midnight. Mean values of DT 24 are indicated. counts all data points going into a 1 h time versus 1 h local time bin as one point, with a logarithmic average of the points in the bin. (This logarithmic average weighs low values higher than a nonlogarithmic binning.) Then these bin values are averaged over local time. A curve is fit (which is another average) to the slope in time of that double average. In contrast the direct method averages once (rather than thee times) with all points getting the same weight. On the inclusion of data: the direct method averages 24 h differences and for a measurement to be included in the average that measurement must have a mate 24 h earlier. If there was no mate (for telemetry reasons), the point is not included. Additionally, in the direct method, a data point at a given time carries information from 24 h earlier since a 24 h difference is used: this brings in information from outside the 36-72 h window into the averaging.
[35] In Figure 9 the 24 h change Dlog 10 (T) 24 = log 10 (T(t)) − log 10 (T(t−24h)) in the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the time t since storm onset for the 93 high-speed stream-driven storms. Each black point represents 1 h of satellite data at time t and 1 h of satellite data at time t − 24 h. As can be seen from the points in Figure 9 the 24 h change in the logarithm of the temperature is negative early in the storm and then it is positive for several days during the storm. For data pertaining to the noon sector of local time (10-14 LT) and the midnight sector of local time (22-2 LT), 300-point running averages of Dlog 10 (T) 24 are plotted in red and blue, respectively, in Figure 9 . As can be seen from the red and blue curves, the 24 h change in the logarithm of the temperature of the outer electron radiation belt is near zero before storm onset and it is near zero many days after storm onset; during the first day of the storm (the time of dropout and recovery) Dlog 10 (T) 24 is negative and during days 2-4 of the storm Dlog 10 (T) 24 is positive. The 300-point running averages of DT 24 at noon and at midnight in the t = 36 h to t = 72 h time after onset are well fit by where t is in units of days. Averaging the data in Figure 9 , the mean values of the 24 h change in the logarithm of the for local noon (10-14 LT), local midnight (22-2 LT), and all local times (0-24 LT). Converting from base 10 logarithms to natural logarithms, expressions (14) yield e-folding times for the increase in the temperature of the outer electron radiation belt at geosynchronous orbit during high-speed stream-driven storms of 4.5 days at local noon, 4.8 days at local midnight, and 4.7 days for all local times. The reader is reminded that the populations at noon and midnight differ.
Heating Rates and the Kp Index
[36] The 3 h Kp index is a measure of magnetospheric convection [Thomsen, 2004] and is a general measure of geomagnetic activity [Bartels et al., 1939; Bartels and Veldkamp, 1949; Rostoker, 1972] .
[37] Note in Figure 7 that there is a wide range in measured values of the 24 h change in the temperature of the outer electron radiation belt at geosynchronous orbit during high-speed stream-driven storms. This spread is depicted in the occurrence distributions of DT 24 plotted in Figure 8 . Some of this spread in the heating values of the outer electron radiation belt could be caused by the intermittency of the high-speed stream-driven storms, i.e., the fact that the storms are not constantly on but that geomagnetic activity increases and decreased during the several days of the storms [Tsurutani et al., 1999 [Tsurutani et al., , 2006a [Tsurutani et al., , 2006b . (This on-off nature of the solar wind-driven storms and the on-off nature of the solar wind driving has been identified as one of the key research topics for high-speed stream-driven storms .) During intervals when geomagnetic activity is high, the heating could be active, and during intervals when geomagnetic activity is low, the heating could be inactive.
[38] In Figure 10 (top) the measured value DT 24 of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the 24 h average hKpi 24 of the Kp index. The DT 24 values were obtained from time intervals 36-72 h after the onset of the 93 high-speed stream-driven storms. In this 36 h long time interval, the multiple satellites in geosynchronous orbit yielded 9563 independent values of DT 24 . For each value of DT 24 = T(t) − T(t−24 h), the average value hKpi 24 was calculated by averaging the Kp index from time t − 24 h to time t. As denoted in Figure 10 (top), the linear correlation coefficient between DT 24 and hKpi 24 is R corr = +0.23.
[39] A rule of thumb for the significance of a correlation coefficient R corr comes from comparing R corr to 1/N ind 1/2 [cf. Hald, 1952] , where N ind is the number of independent measurements going into R corr . This rule of thumb expresses the 2 sigma level of correlation relative to random correlations. The number of total measurements going into Figure 10 is N meas = 9563. If N meas /11 is taken as the number of independent measurements N ind owing to persistence in the DT 24 measurements (see Appendix A), then 1/N ind 1/2 = 0.0678. Accordingly, the coefficient R corr = 0.23 between DT 24 and hKpi 24 is at the 6.8 sigma level, which is definite correlation. (Note that even if N meas /36 is taken (see Appendix A) for N ind , the coefficient R corr = 0.23 is at the 3.7 sigma level of correlation.) Hence, there is a definite statistical correlation between hKpi 24 and DT 24 , but there is also a lot of variance in DT 24 that is not described solely by the value of hKpi 24 .
[40] In Figure 10 a 300-point running average of DT 24 for all of the data is plotted as the yellow points; this running average reveals the underlying trend between DT 24 and hKpi 24 . Also, 100-point running averages for noon-only data points (red) and midnight-only data points (blue) are plotted; note that there is not much statistical difference between the values at noon and at midnight. A least squares linear regression fit to all of the data in Figure 10 (top) yields
where DT 24 is in units of keV and Kp is dimensionless. This fit is plotted as the green line in Figure 10 (top). The statistical error on this slope of 7.84 is ±5.83. A Gaussian linear fit to the DT 24 versus hKpi 24 points is plotted as the purple dashed line Figure 10 (top), yielding the formula
which has a slope much steeper than the fit of expression (16 [41] In Figure 10 (bottom) the 24 h change Dlog 10 (T) 24 in the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the mean value of Kp during that 24 h. The 24 h change in the logarithm Dlog 10 (T) 24 is log 10 (T(t)) − log 10 (T(t−24 h)). The data pertain to times t from 36 h to 72 h after storm onset for the 93 high-speed stream-driven storms. Each data point represents 1 h of data plus 1 h of data 24 h earlier from one geosynchronous spacecraft. As denoted in Figure 10 (bottom), the linear correlation coefficient between Dlog(T) 24 and hKpi 24 is R corr = +0.24, which is at the 7 sigma level of correlation as compared with random for N ind = N meas /11 = 9563/11 independent measurements. A 300-point running average of Dlog(T) 24 is plotted as the yellow point and 100-point running averages for noon-only data (red) and for midnight-only data (blue) are plotted; note again that there is not much statistical difference between the values at noon and at midnight. A least squares linear regression fit to all of the 36-72 h data in Figure 10 (bottom) yields
where T is in units of keV and Kp is dimensionless. This linear regression fit is plotted as the green line in Figure 10 (bottom). A Gaussian linear fit to the Dlog(T) 24 versus hKpi 24 points yields the formula
where T is in units of keV. The Gaussian linear fit is plotted as the purple dashed line in Figure 10 (bottom). Noting that the 24 h change in the logarithm is also equal to the logarithm of the ratio of the values separated by 24 h Dlog(T) 24 = log(T(t)) − log(T(t−24 h)) = log[T(t)/T(t−24 h)], expressions (19) and (20) for the linear regression fit and the Gaussian linear fit, respectively.
Heating Rates and Solar Wind Speed and Density
[42] There is long-standing knowledge about a connection between high fluxes of relativistic electrons in the outer electron radiation belt and high solar wind velocities [Paulikas and Blake, 1979; Fung and Tan, 1998; Desorgher et al., 1998; Vassiliadis et al., 2002] and a newer report about a connection between high fluxes and low solar wind densities [Lyatsky and Khazanov, 2008; Burin des Rozier et al., 2009] .
[43] In Figure 11 (top) the measured value DT 24 of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the 24 h average hv sw i 24 of the solar wind speed v sw . The DT 24 values were obtained from time interval 36-72 h after the onset of the 93 high-speed stream-driven storms. In this time interval, the multiple satellites in geosynchronous orbit yielded 9220 independent values of DT 24 that had solar wind speed available, wherein v sw was averaged over the 24 h to produce a hv sw i 24 value. As denoted Figure 11 (top), the linear correlation coefficient between DT 24 and hv sw i 24 is R corr = +0.29, which is at the 8 sigma level of correlation as compared with random for N ind = 9220/11 independent measurements: a definite statistical correlation. A 300-point running average of DT 24 is plotted in Figure 11 (top) as the yellow points. 100-point running averages for noon-only data (red) and for midnight-only data (blue) are also plotted; note that there is not much statistical difference between the values at noon and at midnight. A least squares linear regression fit to all of the data (black points) in Figure 11 (top) in the 36-72 h interval yields
where DT 24 is in units of keV and v sw is in units of km s −1 . The statistical error for the slope of this fit is ±0.057. This fit is plotted as the green line. A Gaussian linear fit to the DT 24 versus hv sw i 24 points in the 36-72 h interval is plotted as the purple dashed line in Figure 11 ( (23) and then taking the v sw derivatives of expressions (22) and (23), rates of change ∂(dT/dt)/∂v sw of the time rate of change in temperature T associated with the value of v sw of [44] In Figure 11 (bottom) the 24 h change Dlog 10 (T) 24 in the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the mean value of v sw during that 24 h. The 24 h change in the logarithm Dlog 10 (T) 24 is log 10 (T(t)) − log 10 (T(t−24 h)). The data pertain to times t from 36 h to 72 h after storm onset for the 93 high-speed stream-driven storms. Each data point represents 1 h of data plus 1 h of data 24 h earlier from one geosynchronous spacecraft. As denoted in Figure 11 (bottom), the linear correlation coefficient between Dlog(T) 24 and hv sw i 24 is R corr = +0.24, which is at the 7 sigma level of correlation as compared with random for 9220/11 independent measurements. A 300-point running average of Dlog(T) 24 is plotted as the yellow points in Figure 11 (bottom) and 100-point running averages for noon-only data (red) and for midnight-only data (blue) are plotted; note again that there is not much statistical difference between the values Figure 11 . (top) For the 36-72 h intervals of the 93 high-speed stream-driven storms, the 24 h changes DT 24 in the temperature T of the outer electron radiation belt are plotted as functions of the 24 h average of the solar wind speed for the same 24 h. (bottom) The logarithm of the change is so plotted. Linear regression fits are plotted in green, Gaussian fits are plotted in purple, and 300-point running averages are plotted in yellow. Also plotted are 100-point running averages of the noon-only data (red) and the midnight only data (blue).
at noon and at midnight. A least squares linear regression fit to all of the data in Figure 11 (bottom) yields
where T is in units of keV and v sw is in units of km s −1 . This linear regression fit is plotted as the green line in Figure 11 ( . This Gaussian linear fit (expression (26)) is plotted as the purple dashed line in Figure 11 (bottom). Noting that Dlog(T) 24 = log (T(t)) − log(T(t−24 h)) = log[T(t)/T(t−24 h)], expressions (25) and (26) for the linear regression fit and the Gaussian linear fit, respectively.
[45] In the fast solar wind that produces high-speed streamdriven storms there is a strong anticorrelation between the solar wind speed v sw and the solar wind number density n sw : for the 93 storm data set used here, in the time interval 36-72 h after storm onset the linear correlation coefficient between hv sw i 24 and hn sw i 24 is R corr = −0.567. As there is a positive correlation between the radiation belt heating rate dT/dt and v sw , there is a negative correlation between dT/dt and n sw . In Figure 12 (top) the measured value DT 24 of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the 24 h average hn sw i 24 of the solar wind number density. The DT 24 values were obtained from time interval 36-72 h after the onset of the 93 high-speed stream-driven storms: each data point represents 1 h of data plus 1 h of data 24 h earlier from one geosynchronous spacecraft. The linear correlation coefficient between DT 24 and hn sw i 24 is R corr = −0.28, which is at the 8 sigma level of correlation as compared with random for N ind = N meas /11 = 8651/11 independent measurements, a definite statistical anticorrelation. A 300-point running average of DT 24 is plotted in Figure 12 (top) as the yellow points and 100-point running averages for noononly data (red) and for midnight-only data (blue) are plotted; note that there is not much statistical difference between the values at noon and at midnight. A least squares linear regression fit (green line) to all of the data (black points) in Figure 12 ( Figure 12 (bottom) the 24 h change Dlog 10 (T) 24 in the logarithm of the temperature T of the outer electron radiation belt at geosynchronous orbit is plotted as a function of the mean value of n sw during that 24 h. For data from 36 h to 72 h after storm onset, the linear correlation coefficient between Dlog(T) 24 and hn sw i 24 is R corr = −0.18, which is at the 5 sigma level of correlation for 8651/11 independent measurements. A 300-point running average of Dlog(T) 24 is plotted as the yellow points in Figure 12 (bottom) and 100-point running averages for noon-only data (red) and midnight-only data (blue) are plotted; note again that there is not much statistical difference between the values at noon and at midnight. A least squares linear regression fit (green line) to all the data in Figure 12 ( where in expressions (31) and (32) T is in units of keV and n sw is in units of cm −3 .
Heating Rates and the Thee-Way Correlations of v sw , n sw , and Kp
[47] In section 5 it was seen that the rate of heating dT/dt of the outer electron radiation belt at geosynchronous orbit is increased when the Kp index is higher. And in section 6 it was seen that the rate of heating is increased when the solar wind velocity v sw is higher and increased when the solar wind number density n sw is lower. Between the four quantities dT/dt, Kp, v sw , and n sw there are multiple correlations. For example, higher solar wind velocities v sw tend to drive higher levels of geomagnetic activity [Snyder et al., 1963; Crooker et al., 1977; Maezawa and Murayama, 1986] , and in fast solar wind, there is a well-known anticorrelation between the density and velocity [Neugebauer and Snyder, 1966; Hundhausen et al., 1970; Richardson et al., 1996] . For the 36-72 h interval after storm onset, Figure 12. (top) For the 36-72 h intervals of the 93 high-speed stream-driven storms, the 24 h changes DT 24 in the temperature T of the outer electron radiation belt are plotted as functions of the 24 h average of the solar wind number density n sw for the same 24 h. (bottom) The logarithm of the change is so plotted. Linear regression fits are plotted in green, Gaussian fits are plotted in purple, and 300-point running averages are plotted in yellow. Also plotted are 100-point running averages of the noon-only data (red) and the midnight only data (blue). these four-way linear correlations (in per cent) are displayed in Figure 13 .
Kp Versus v sw
[48] In the 36-72 h interval after storm onset, the radiation belt daily heating rate DT 24 has a correlation with the level of geomagnetic activity as measured by Kp (R corr = +0.23) and the heating rate DT 24 has a correlation with the solar wind velocity v sw (R corr = +0.29), and Kp and v sw are correlated with each other (R corr = +0.76). One can ask the question of whether DT 24 is correlated with Kp because Kp is acting as a proxy for v sw , or the question of whether DT 24 is correlated with v sw because v sw is acting as a proxy for Kp; that is, we would like to find out if one of the correlations (DT 24 versus Kp or DT 24 versus v sw ) is more fundamental. To provide information about the causation in the correlations of Kp and v sw with DT 24 , the 36-72 h data set for the 93 highspeed stream-driven storms will be used to produce correlation coefficients between hv sw i 24 and DT 24 with hKpi 24 held fixed and to produce correlation coefficients between hKpi 24 and DT 24 with hv sw i 24 held fixed. These correlation coefficients will appear in Table 2 .
[49] The data set that was utilized is 9220 DT 24 values with simultaneous hKpi 24 and hv sw i 24 values. To hold hKpi 24 approximately fixed, the occurrence distribution of 9220 hKpi 24 values is divided into 10 decims each containing 922 values. The mean value of hKpi 24 in each decim is listed in the second column of Table 2 . For each decim of hKpi 24 values, the linear correlation coefficient R corr between hv sw i 24 and DT 24 is calculated (with hKpi 24 fixed into a narrow range of values) and those R corr values are listed in the third column of Table 2 . The mean value of the 10 correlation coefficients is +0.222. There are 922 points in each decim of data; owing to mixing of the time-sequenced measurements into different bins it is difficult to estimate the number of independent measurements N ind in the 922 measurements per bin. The reduction N ind = N meas /11 owing to the 11-point persistence in the data is probably an overestimate to the persistence when the data set is broken into 10 portions. If N ind = N meas = 922 is taken (which provides a lower limit to the magnitude of random correlations), the 2 sigma level of correlation is 0.066. Correlation coefficients |R corr | < 0.066 are definitely consistent with no correlation (i.e., random). Except for decims 9 and 10 (which pertain to the highest values of hKpi 24 ), the correlations between hv sw i 24 and DT 24 are positive and significant. The mean value of the 10 decim correlation coefficients is +22.2%, which is positive correlation at the 3.4 sigma level of confidence if N ind = 922 is assumed.
[50] To hold hv sw i 24 approximately fixed, the occurrence distribution of DT 24 hv sw i 24 values is divided into 10 decims each containing 922 values. The mean value of hv sw i 24 in each decim is listed in the fourth column of Table 2 . For each decim of hv sw i 24 values, the linear correlation coefficient R corr between hKpi 24 and DT 24 is calculated (with hv sw i 24 fixed into a narrow range of values) and those R corr values are listed in the last column of Table 2 . Again, there are 922 points in each decim of data, so if N ind = 922 is taken the 2 sigma level of correlations is 0.066. As can be seen in Table 2 , 4 out of 10 of the decims of data show no significant correlation between hKpi 24 and DT 24 and some of the definite correlations are positive and some are negative. The mean value of the 10 decim correlation coefficients is +0.075, which is correlation at only the 2.3 sigma level of confidence assuming N ind = 922, which is borderline consistent with random correlation (i.e., uncorrelated data).
[51] The correlations between v sw and DT 24 with Kp held fixed are significant, whereas the correlations between Kp and DT 24 with v sw held fixed are much less significant. For the correlations in the total data set (not divided into decims) the interpretation is the following: The correlation between of the heating rate DT 24 with v sw (Figure 11 ) is more fundamental, and the correlation between the heating rate DT 24 and Kp (Figure 10 ) is owed to Kp acting as a proxy for v sw . Physically, the interpretation seems to be that the solar wind speed has some role in the amount of heating of the outer electron radiation belt during high-speed stream-driven Figure 13 . The four-way linear correlation coefficients R corr (in percent) between the heating rate DT 24 and the 24 h averages of Kp, v sw , and n sw in the time interval from 36 to 72 h after storm onset for the 93 high-speed streamdriven storms. storms, but the level of geomagnetic activity (or of convection in the magnetosphere) does not have as large a role.
Kp Versus n sw
[52] The analysis of section 7. A is now repeated to examine the correlations of the heating rate with Kp and with n sw . As seen in Figures 10, 12 , and 13, in the 36-72 h interval after storm onset the radiation belt daily heating rate DT 24 has a correlation with the level of geomagnetic activity as measured by hKpi 24 of R corr = +0.23, the heating rate DT 24 has a correlation with the solar wind number density hn sw i 24 of R corr = −0.28, and hKpi 24 and hn sw i 24 are correlated with each other with R corr = +0.20. We would like to find out if one of the correlations (DT 24 versus Kp or DT 24 versus n sw ) is more fundamental.
[53] The data set that was utilized is 8650 values of DT 24 with simultaneous hKpi 24 and hn sw i 24 values. To hold hKpi 24 approximately fixed, the occurrence distribution of hKpi 24 values is divided into 10 decims each containing 865 values. The mean value of hKpi 24 in each decim is listed in Table 3 , as is the linear correlation coefficient R corr between hn sw i 24 and DT 24 for each decim of Kp values. If N ind = 865 then correlation coefficients |R corr | < 0.068 are consistent with no correlation (i.e., random): each of the 10 correlations between hv sw i 24 and DT 24 are negative and significant. The mean value of the 10 decim correlation coefficients is −0.321, which is negative correlation at the 9 sigma level of confidence.
[54] To hold hn sw i 24 approximately fixed, the occurrence distribution of hn sw i 24 values is divided into 10 decims each containing 865 values. The mean value of hn sw i 24 in each decim is listed in Table 3 , as is the linear correlation coefficient R corr between hKpi 24 and DT 24 . Correlation coefficients |R corr | < 0.068 are consistent with no correlation: in the last column of Table 3 all 10 of the decims show definite correlations, with 9 positive and 1 negative. The mean value of the 10 decim correlation coefficients is +0.278, which is positive correlation at the 8 sigma level of confidence for Nind = 865.
[55] The correlations between DT 24 and both of the quantities hn sw i 24 and hKpi 24 improve when the other quantity is held fixed, perhaps because of the positive correlation between nsw and hKpi 24 and the opposite correlations of DT 24 with hn sw i 24 and DT 24 with hKpi 24 . When the third variable is restricted, both of the correlation pairs become slightly larger in magnitude.
n sw Versus v sw
[56] The analysis of is now repeated to examine the correlations of the heating rate with n sw and with v sw . As seen in Figures 10, 12 , and 13, in the 36-72 h interval after storm onset the radiation belt daily heating rate DT 24 has a correlation with the solar wind number density hn sw i 24 of R corr = −0.28, the heating rate DT 24 has a correlation with the solar wind velocity hv sw i 24 of R corr = +0.29, and hn sw i 24 and hv sw i 24 are correlated with each other with R corr = −0.57. We would like to find out if one of the correlations (DT 24 versus n sw or DT 24 versus v sw ) is more fundamental.
[57] The data set that was utilized is 8650 DT 24 values with simultaneous hn sw i 24 and hv sw i 24 values. To hold hn sw i 24 approximately fixed, the occurrence distribution of hn sw i 24 values is divided into 10 decims each containing 865 values. The mean value of hn sw i 24 in each decim is listed in Table 4 , as is the linear correlation coefficient R corr between hv sw i 24 and DT 24 for each decim of n sw values. If N ind = 865 then correlation coefficients |R corr | < 0.068 are consistent with no correlation: 8 of the 10 correlations between hv sw i 24 and DT 24 are significant, with 7 positive and 1 negative. The mean value of the 10 decim correlation coefficients is +0.172, which is positive correlation at the 5 sigma level of confidence.
[58] To hold hv sw i 24 approximately fixed, the occurrence distribution of hv sw i 24 values is divided into 10 decims each containing 865 values. The mean value of hn sw i 24 in each decim is listed in Table 4 , as is the linear correlation coefficient R corr between hn sw i 24 and DT 24 . If N ind = 865 then correlation coefficients |R corr | < 0.068 are consistent with no correlation: all 10 of the decims of the last column of Table 4 show definite negative correlations. The mean value of the 10 decim correlation coefficients is −0.194, which is positive correlation at only the 6 sigma level of confidence.
[59] When one of the variables hn sw i 24 or hv sw i 24 is held fixed, the correlation of the other variable with DT 24 is reduced. Since hn sw i 24 and hv sw i 24 are strongly correlated, holding one of the two variables fixed reduces the variance of the other variable, hence it reduces the correlation of that variable with DT 24 . As can be seen in Table 4 , correlations between hn sw i 24 and DT 24 are slightly more robust than correlations between hn sw i 24 and DT 24 , suggesting that the solar wind number density n sw may be more important, or at least as important, as the solar wind velocity v sw is for controlling the heating rate dT/dt of the outer electron radiation belt at geosynchronous orbit.
Heating Rates and Magnetospheric Magnetic Field Fluctuations
[60] High fluxes of relativistic electrons in the outer electron radiation belt are associated with high levels of geomagnetic fluctuations [e.g., Rostoker et al., 1998; Mathie and Mann, 2000; Elkington et al., 2003; Mann et al., 2004] . MHD frequency fluctuations in the magnetic field are of interest for their ability to drive the radial diffusion of energetic electrons in the magnetosphere [Falthammar, 1965; Perry et al., 2005; Shprits et al., 2008a] , for their drift-resonance interaction with relativistic electrons [Elkington et al., 1999; Degeling and Rankin, 2008] , and for their ability to magnetically pump energetic electrons [Borovsky, 1986; Liu et al., 1999] . In this section GOES magnetic field measurements are used to calculate 1 min changes in the magnetic field at geosynchronous orbit during high-speed stream-driven storms. The quantity investigated is the magnitude dB of the 1 min change in the magnetic field vector dB, where dB(t) = B(t + 1 min) − B(t) is the 1 min change in the magnetic field vector B and where dB = |dB| = (dB x 2 + dB y 2 + dB z 2 ) 1/2 is the magnitude of the change. The normalized quantity dB/B is examined, where the denominator B is the magnetic field strength. No attention will be paid to the polarization of the field changes, nor to whether the changes are poloidal, toroidal, or compressive [e.g., Saito, 1969; McPherron et al., 1972; Orr, 1973] . Also, no attention will be paid to the local time dependence of the fluctuations.
[61] Note that appropriate GOES measurements are only available for 63 of the 93 high-speed stream-driven storms.
[62] In Figure 14 (bottom) the superposed average of the normalized amplitude dB/B of the magnetic field fluctuations at geosynchronous orbit during the 63 high-speed stream-driven storms is plotted as a function of the time from storm onset. In Figure 14 (top) the superposed average of the Kp index for the full 93 storms is plotted, with the storm epoch indicated. As can be seen by comparing the two panels, the normalized amplitude dB/B at geosynchronous orbit is weak before the storm, increases sharply at storm onset, and decays with time slowly during the storm. The temporal profile of the superposed average of dB/B resembles the profile of the superposed average of Kp.
[63] For the values of the 24 h change in the temperature DT 24 measured with the SOPA detectors during the 63 storms, hdB/Bi 24 values are created by averaging dB/B over the same 24 h. Note that during the 24 h interval of the averaging, each GOES spacecraft travels though 24 h of local time while measuring dB/B: thus hdB/Bi 24 is a combined time average and local time average. During highspeed stream-driven storms, dB/B at geosynchronous orbit is largest in the midnight and dusk sectors and weakest in the noon and dawn sectors [Borovsky and Denton, 2010a] , with the difference between the amplitudes at midnight and the amplitudes at noon being less than a factor of 2.
[64] In Figure 15 the measured values DT 24 of the 24 h change in the temperature T of the outer electron radiation belt at geosynchronous orbit are plotted (black points) as a function of the 24 h average hdB/Bi 24 of the geosynchronous orbit normalized magnetic field fluctuations dB/B. The DT 24 values were obtained from the time intervals 36-72 h after the onset of the 63 high-speed stream-driven storms. For each DT 24 value that had GOES-8 -12 magnetic field data, dB/B was averaged over the 24 h to produce a hdB/Bi 24 value. Combining the 7 SOPA satellites with the 5 GOES satellites resulted in 11948 values of DT 24 that had corresponding hdB/Bi 24 values. As denoted in Figure 15 , the linear correlation coefficient between DT 24 and hdB/Bi 24 is R corr = −0.016, which is much less than the 1 sigma level of correlation if N ind = N meas /11 = 11948/11 is taken, which is consistent with random. Hence, there is no statistical correlation between the level of magnetospheric fluctuations hdB/Bi 24 and the daily change in the radiation belt temperature DT 24 in the 36-72 h interval after storm onset. (Note that the measured amplitudes of dB/B do not discern compressive from shear fluctuations.) A 300-point running average of DT 24 is plotted as the yellow points in Figure 15 . A 100-point running averages for noon-only data (red) and for midnight-only data (blue) are also plotted; note that there is not much statistical difference between the values at noon and at midnight. As can be seen, the running average shows no underlying trend between DT 24 and hdB/Bi 24 . This coefficient R corr = −0.016 is entered into the first row Table 5 .
[65] Also noted in the first row of Table 5 is the linear correlation coefficient between hdB/Bi 24 and hv sw i 24 in the 36-72 h interval after storm onset for the 63 high-speed stream-driven storms: that coefficient is R corr = +0.403. The radiation belt heating rate dT/dt is positively correlated with v sw (e.g., Figure 11 ), and v sw is positively correlated with dB/B (e.g., Table 5 ), yet the heating rate dT/dt is uncorrelated with dB/B (e.g., Figure 15 ). It could be that DT 24 has an underlying negative correlation with hdB/Bi 24 and an underlying positive correlation with hv sw i 24 and the positive correlation between hdB/Bi 24 and hv sw i 24 reduces the correlation between DT 24 and hdB/Bi 24 . To test this idea, the correlation coefficients R corr between DT 24 and hdB/Bi 24 with hv sw i 24 held approximately fixed are calculated and those coefficients are collected into Table 6 . To hold hv sw i 24 approximately constant, hv sw i 24 is divided into 10 decims, each with 1158 points. For 1158 points, the 2 sigma level of correlation for N ind = 1158 is 2/N ind 1/2 is 0.059. As can be seen in Table 6 , when hv sw i 24 is held fixed there are definite underlying anticorrelations between DT 24 and hdB/Bi 24 with all of the linear correlation coefficients above 0.059 in magnitude, and with the average of the 10 coefficients being −0.187 which is correlation at the 6 sigma level. Hence, there is a tendency for the heating rate dT/dt of the outer electron radiation belt at geosynchronous orbit to be anticorrelated with the amplitude of magnetic field fluctuations dB/B at geosynchronous orbit, but that anticorrelation is masked by the positive correlation between the heating rate dT/dt and the solar wind speed v sw .
Heating Rates and Solar Wind Fluctuations
[66] High fluxes of relativistic electrons in the outer electron radiation belt are associated with high levels of geomagnetic fluctuations in the magnetosphere [Rostoker et al., 1998; Mathie and Mann, 2000; Elkington et al., 2003; Mann et al., 2004] . The level of fluctuations in the magnetosphere is expected to be related to the level of fluctuations in the solar wind [Sibeck et al., 1989; Engebretson et al., 1994] .
[67] In Figure 16 the variability of the solar wind velocity, number density, and magnetic field are overviewed for the 93 high-speed stream-driven storms. In Figure 16a the superposed average of the Kp index is plotted as a function of time with the era where the high-speed stream-driven storms occur indicated. In Figure 16b the superposed average of the hourly standard deviation of the measured solar wind speed is plotted. As can be seen, in the slow solar wind before storm onset the standard deviation is low (∼4 km s −1 ) and in the fast wind after storm onset the standard deviation is higher (∼11 km s ) [see also Borovsky and Denton, 2010b] . In Figure 16c the hourly standard deviation of the azimuth (') and elevation () angle of the solar wind velocity vector are plotted. In the slow wind before storm onset the standard deviations of ' and are both about 1°and in the fast wind after storm onset the standard deviations of both are about 1.5°. In Figure 16d the superposed average of the hourly standard deviation dn of the solar wind number density n is plotted. The standard deviation of the number density is highest near storm onset (in the CIR where the number density is highest), and the fluctuations are lower (dn ∼ 0.3 cm −3 ) after the first day of the high-speed stream-driven storms. In Figure 16e the superposed average of the hourly standard deviation dB of the magnetic field vector B of the solar wind is plotted, where dB = (dB x 2 + dB y 2 + dB z 2 ) 1/2 . Near the time of storm onset when the magnetic field is compressed in the CIR the standard deviation of the magnetic field strength is higher, and before the storm onset and well after the storm onset the standard deviation is lower. In Figure 16f the superposed average of the normalized standard deviation of the solar wind vector magnetic field |dB|/B is plotted, where dB is the vector variation of B during the hour and B is the hourly average of the magnitude of B. This quantity |dB|/B is a measure of the angular fluctuations of the magnetic field vector during the hour. Note in Figure 16f that |dB|/B does not vary significantly from the slow wind before the storm onset, though the CIR, to the fast wind during the highspeed stream-driven storm [see also Borovsky and Denton, 2010b] . Figure 15 . For the 36-72 h intervals of the 63 high-speed stream-driven storms with GOES measurements, the 24 h changes DT 24 in the temperature T of the outer electron radiation belt are plotted as functions of the 24 h average of the dB/B at geosynchronous orbit for the same 24 h. A linear regression fit is plotted in green, and a 300-point running average is plotted in yellow. Also plotted are 100-point running averages of the noon-only data (red) and the midnight only data (blue). [68] In Table 5 the linear correlation coefficients between the heating rate dT/dt of the outer electron radiation belt and the amplitudes of various fluctuations in the solar wind are collected. The correlation coefficients are only for the time interval 36-72 h after the onset of the 93 high-speed streamdriven storms. Those fluctuation amplitudes are the variations in the vector magnetic field dB = (dB x 2 + dB y 2 + dB z 2 )
1/2 , the normalized variations in the vector magnetic field dB/B, the variations in the solar wind speed dv, the north−south angular variations in the solar wind vector d', the variations in the solar wind number density dn, the normalized variations in the solar wind number density dn/n, the variations in the solar wind ram pressure caused by density variations dnv 2 , the variations in the solar wind ram pressure caused by the speed variations 2nvdv, and the sum of the two solar wind ram pressure variations dnv 2 + 2nvdv. For the correlation calculations the heating rate dT/dt is measured by the 24 h change DT 24 in the temperature T of the outer electron radiation belt at geosynchronous orbit. For the amplitudes of variation of the solar wind, in each case the amplitude of the fluctuations is taken to be the standard deviations of the solar wind measurements going into an hourly average in the OMNI2 data set. To compare with the 24 h difference DT 24 , in each case the amplitudes of the variations are averaged over the same 24 h as the difference. For example, in the second row of Table 5 the linear correlation coefficient between DT 24 and hdBi 24 is −0.159. In the last four rows of Table 5 the linear correlation coefficients between DT 24 and the 24 h averages of the solar wind magnetic field strength B, the solar wind velocity v, the solar wind number density n, and the solar wind ram pressure nv 2 are collected, with the correlations calculated only in the 36-72 h intervals after storm onset. The fourth column of Table 5 is the number of point pairs going into each correlation. For the solar wind parameters, the number of pairs N meas ranges from 8588 to 8792, so if N ind = N meas the 2 sigma level of correlation 2/N ind 1/2 ranges from 0.0213 to 0.0216. The last two columns of The data pertains to 36-72 h after onset for the 63 high-speed streamdriven storms with GOES magnetic field measurements. Figure 16 . For the 93 high-speed stream-driven storms, the superposed averages of variances in the upstream solar wind are plotted: (a) the Kp index is plotted with indications of the storm eras, (b) the hourly standard deviation of the solar wind speed, (c) the hourly standard deviation of the directions (azimuth and elevation) of the solar wind velocity vector, (d) the hourly standard deviation of the solar wind number density, (e) the hourly standard deviation of the solar wind magnetic field strength, and (f) the hourly standard deviation of the solar wind magnetic field vector divided by the hourly averaged magnetic field strength. All quantities are from the OMNI2 data set. Table 5 contain the linear correlation coefficients between the 24 h averages of the fluctuation amplitudes and the 24 h averages of the solar wind velocity v sw and density n sw for the 36-72 h interval.
[69] Note first in Table 5 the correlation coefficients between the heating rate and the basic solar wind parameters (last four rows). The radiation belt heating rate DT 24 during the 36-72 h interval after storm onset is almost independent (R corr = −0.038) of the magnetic field strength B of the solar wind, it is positively correlated (R corr = +0.285) with the solar wind speed v, it is negatively correlated (R corr = −0.284) with the solar wind density n, and it is negatively correlated (R corr = −0.183) with the solar wind ram pressure nv 2 . During this 36-72 h interval after storm onset the velocity v sw and density n sw of the high-speed solar wind are strongly anticorrelated (R corr = −0.567), so it is no surprise that the radiation belt heating rate is correlated with velocity v sw and anticorrelated with density n sw in Table 5 . And during this 36-72 h interval after storm onset the ram pressure n sw v sw 2 and velocity v sw are nearly independent (R corr = +0.033) whereas the ram pressure n sw v sw 2 and density n sw are strongly positively correlated (R corr = +0.759), so it is no surprise that the radiation belt heating rate is anticorrelated with ram pressure n sw v sw 2 in Table 5 , as it is anticorrelated with the number density n.
[70] Note in Table 5 that the correlation coefficients between DT 24 and the 24 h averages of the fluctuating solar wind quantities are all weaker in magnitude than the correlation coefficients between DT 24 and hv sw i 24 and hn sw i 24 . Note also that any (except dn/n) of the solar wind fluctuation amplitudes that has a correlation coefficient with DT 24 that is significantly larger than random (0.0216 for N ind = N meas or 0.072 for N ind = N meas /11) also has a strong correlation with either hn sw i 24 or hv sw i 24 . These two facts lead to the interpretation that any such correlation between DT 24 and a solar wind fluctuation amplitude could be owed to the fluctuation amplitude acting as a proxy for either v sw or n sw . In particular, fluctuations in the solar wind density and in the solar wind ram pressure could be acting proxies for the solar wind density n sw , and fluctuations in the solar wind speed and direction could be acting as proxies for the solar wind speed v sw .
[71] The one exception to the above discussion is dn/n, where it is seen in Table 5 that hdn/ni 24 has a correlation coefficient of +0.176 with DT 24 , but is almost uncorrelated with hv sw i 24 and hn sw i 24 . The correlation R corr = +0.176 is at the 5 sigma level of significance for N ind = N meas /11 = 8588/11 independent measurements. The quantity dn/n could be thought of as the fractional variance of the solar wind ram pressure owed to density fluctuations: dnv 2 /nv 2 . This could be a measure of the movement magnetopause owing to density fluctuations in the solar wind. In Figure 17 the occurrence distribution of hdn/ni 24 is plotted for the time interval 36-72 h after storm onset for the 93 high-speed stream-driven storms. The mean value of hdn/ni 24 in that 36-72 h time interval is 0.096. The standoff distance r of the magnetopause at the nose of the magnetosphere can be estimated by the expression r = 11.8 P ram −1/6 [e.g., Kivelson and Russell, 1995, . This derivative can be written Dr = −(11.8/6)P ram −7/6 DP ram = −1.93 DP ram /P ram . If dn/n = DP ram /P ram , then the variation in the magnetopause standoff distance (in R E ) is given by Dr = −1.93 dn/n. For dn/n = 0.096, this yields a standard deviation variation of the magnetopause location by Dr = 0.19 R E = 1180 km, which is a motion of ±1180 km about its equilibrium position. This magnetopause motion could be a measure of compressive fluctuations in the magnetosphere, which could affect radiation belt evolution (perhaps by magnetic pumping [e.g., Liu et al., 1999] or by the creation of electron anisotropies that drive higher-frequency plasma waves).
Discussion
[72] Section 10.1 contains a discussion about the heating rates of the outer electron radiation belt during high-speed stream-driven storms, section 10.2 contains a brief comparison with CME-driven storms, section 10.3 contains a discussion of the possible heating mechanisms operating during high-speed stream-driven storms, and section 10.4 discusses some needed future work.
Heating Rates of the Outer Electron Radiation Belt During High-Speed Stream-Driven Storms
[73] For the purpose of this discussion, the heating rate of the outer electron radiation belt at geosynchronous orbit during high-speed stream-driven storms will be taken to be DT 24 = 32 keV d −1 , which is the all local time average obtained from the individual measurements of DT 24 in the 36-72 h interval after storm onset (third row of Table 1) .
[74] The fractional heating value DT 24 /T for the outer electron radiation belt at geosynchronous orbit, which has a temperature of 120-180 keV during high-speed streamdriven storms, is DT 24 /T ∼ (32 keV d −1 )/(150 keV) ∼ 20% per day.
[75] The daily rate of change of the kinetic energy density E = nk B T of the outer electron radiation belt at geosynchronous orbit owing to the heating is given by DE = nk B DT 24 . From Figure 3c , the number density of the outer electron radiation belt during high-speed stream-driven storms is taken to be n = 7 × 10 −4 cm −3 (see Figure 4) ; with DT 24 = 32 keV d −1 this yields DE = 3.6 × 10 −11 erg cm
. (Note that this temperature change results in a change in electron kinetic pressure P = nk B T of 3.6 × 10 −3 nPa d −1 .) These values are entered into Table 1 , along with values for local noon and local midnight.
[76] The daily change in the total kinetic energy of the outer electron radiation belt at geosynchronous orbit is estimated as follows. The volume of a geosynchronous orbit dipole flux tube is 7.6 × 10 9 cm 3 per cm 2 of area at the equator. The area A in the equator of a band 1 R E in radius at geosynchronous orbit is A = (1 R E )(2p 6.6 R E ) = 1.7 × 10 19 cm 2 . Thus, the total volume of the flux tubes in the magnetosphere that cross the equator within 0.5 RE of geosynchronous orbit is V = (7.6 × 10 9 ) (7 × 10 19 ) cm 3 = 1.27 × 10 29 cm 3 . The daily change in the total kinetic energy is DE = V DE = 4.6 × 10 18 erg d −1 . This corresponds to a heating rate of 5.3 × 10 13 erg s −1 = 5.3 × 10 6 Watt for the heating of a 1 R E thick shell of the outer electron radiation belt at geosynchronous orbit during high-speed stream-driven storms.
[77] The specific entropy S of the outer electron radiation belt population is given by S = T/n 2/3 . The rate of change in the specific entropy ∂S/∂t owed to the heating is therefore ∂S/∂t = DT 24 /n 2/3 . For DT 24 = 32 keV d −1 and for n = 7 × 10 −4 cm −3 , this yields ∂S/∂t = 4.1 × 10 6 eV cm 2 day −1 at geosynchronous orbit owing to the heating of the outer electron radiation belt during high-speed stream-driven storms. This value is entered into Table 1 along with values for noon and midnight.
Comparison With CME-Driven Storms
[78] Some information about the heating rates during CME driven storms can be found in the work of Denton et al. [2010] . The heating of the outer electron radiation belt occurs predominantly during the Dst recovery phase. CMEdriven storms (which are brief and nonrecurrent) occasionally produce high fluxes of relativistic electrons [cf. Borovsky and Denton, 2006, Figure 13 ; Wrenn, 2009, Figure 3 ], but not nearly as often as do the long-duration, recurrent, high-speed stream-driven storms. On average, the number density of the outer electron radiation belt at geosynchronous orbit during CME-driven storms is about the same as it is for high-speed stream-driven storms, but the temperatures and resulting relativistic fluxes are lower [Denton et al., 2010] . As yet, the reasons for the differences in behavior of the outer electron radiation belt during the two types of storms are not understood.
Energization Mechanisms
[79] Energization mechanisms considered in the literature for the outer electron radiation belt fall into two categories [cf. Green and Kivelson, 2004; Iles et al., 2006; Shprits et al., 2008a Shprits et al., , 2008b : (1) local acceleration mechanisms that heat the electrons in place or (2) radial transport. During the heating phase of high-speed stream-driven storms, the fact that the electron radiation belt at geosynchronous orbit is heated at constant density (e.g., Figure 3 ) [see also Borovsky et al., 1998a; Borovsky and Steinberg, 2006; Denton et al., 2010] indicates that the energization mechanism operating is a local mechanism, and further indicates that the mechanism operates without an active electron source population. Local energization mechanisms for the outer electron radiation belt include cyclotron-resonant energization by whistler waves [Summers and Ma, 2000; Albert, 2004; Horne et al., 2005] or by magnetosonic waves [Horne et al., 2007; Tao et al., 2009] , drift-resonant energization by ULF waves [Hudson et al., 2000; Elkington et al., 2003] , and magnetic pumping by compressive ULF pulsations [Borovsky, 1986; Liu et al., 1999] . Until heating rates are calculated for the various mechanisms, one cannot say whether the measured heating rates support one specific mechanism versus the others.
Future Work
[80] To advance the understanding of the physics of the electron radiation belt, a study is needed in which heating rates calculated for the various energization mechanisms of section 10.2 are compared with the measured heating rates of the present study. A drawback to obtaining accurate calculations is the lack of full information about energies, frequency spectra, and wave vector spectra of plasma waves in the magnetosphere as functions of local time and latitude during high-speed stream-driven storms.
[81] For high-speed stream-driven storms, a systematic examination of the density-temperature evolution of the entire outer electron radiation belt would be very useful. The density-temperature description is much more compact than is a multienergy flux description; for the evolution of the electron belt versus time and L shell this compact n-T description will be enlightening and intuitive. Relativistic Maxwellian density and temperature fits for the bulk of the outer electron radiation belt (L > 4) as determined by instrumentation on the GPS spacecraft [Cayton et al., 1998; Friedel et al., 2005] exist. Systematic analysis of the data could produce global heating rates and energy budgets for the electron belt. Relativistic Maxwellian fits to the AE-8 radiation belt model by Pierrard and Lemaire [1996] indicate that the electron radiation belt inward of geosynchronous orbit shows a greater temperature change from solar min to solar max than does the belt at geosynchronous orbit.
[82] The authors plan to examine the temperature and the heating rates of the outer electron radiation belt at geosynchronous orbit as a function of pitch angle using relativistic Maxwellian fits to pitch angle resolved count rates. This will provide information about the adiabaticity of the radiation belt electrons, about the usefulness of double-adiabatic representations [cf. Birn et al., 1995] , and about pitch angle scattering rates.
Summary
[83] In this study 93 high-speed stream-driven storms were utilized for superposed epoch analysis: superposed averaging and extraction of epoch data. Multisatellite measurements of the temperature of the outer electron radiation belt at geosynchronous orbit were analyzed during the time intervals of the storms when electron fluxes grow to dangerous levels. The findings of the study are the following.
[84] 1. The heating rate dT/dt of the outer electron radiation belt at geosynchronous orbit was measured for the time interval 36-72 h after storm onset. Directly values (32 keV d −1 ) are somewhat higher than values (24 keV d −1 ) obtained from fits to superposed averages.
[85] 2. The outer electron radiation belt at local noon geosynchronous orbit is hotter than the outer electron radiation belt at local midnight at geosynchronous orbit (owing to particle orbit effects): likewise observed heating rates are slightly higher at noon than at midnight.
[86] 3. During high-speed stream-driven storms, the heating rate of the outer electron radiation belt at geosynchronous orbit is increased when the Kp index is increased: the value ∂(dT/dt)/∂Kp = 7.8 keV d
−1 Kp −1 is found.
[87] 4. During high-speed stream-driven storms, the heating rate of the outer electron radiation belt at geosynchronous orbit is increased when the solar wind speed v sw is increased: the value ∂(dT/dt)/∂v sw = 0.11 keV d −1 (km s
is found.
[88] 5. During high-speed stream-driven storms, the heating rate of the outer electron radiation belt at geosynchronous orbit is increased when the solar wind number density n sw is decreased: the value ∂(dT/dt)/∂n sw = −4.4 keV d
[89] 6. Analyzing the thee-way correlations between dT/dt, Kp, and v sw by separately holding v sw fixed or Kp fixed, it is concluded that the correlation between dT/dt and v sw is fundamental and that the correlation between dT/dt and Kp is caused by Kp acting as a proxy for v sw .
[90] 7. Analyzing the thee-way correlations between dT/dt, n sw , and v sw by separately holding v sw fixed or n sw fixed, it is concluded that the anticorrelation between dT/dt and n sw is as fundamental as is the positive correlation between dT/dt and v sw .
[91] 8. During high-speed stream-driven storms, the heating rate of the outer electron radiation belt at geosynchronous orbit is uncorrelated with the level of magnetic field fluctuations dB/B at geosynchronous orbit. (Here the measured amplitudes of dB/B do not discern compressive from shear fluctuations.) This is because there is a tendency for the heating rate to be negatively correlated with the level of fluctuations dB/B and positively correlated with the solar wind speed v sw , with v sw and dB/B simultaneously varying with a strong positive correlation between each other.
[92] 9. During high-speed stream-driven storms, the heating rate of the outer electron radiation belt at geosynchronous orbit is weakly correlated with the amplitudes of magnetic field, density, velocity, and ram pressure fluctuations in the upstream solar wind. Most of these weak correlations appear to be caused by the various solar wind fluctuation amplitudes acting as proxies for either the solar wind velocity v sw or the solar wind number density n sw .
[93] 10. One solar wind quantity that is correlated with dT/dt and that is not acting as a proxy is dn/n. The amplitude of dn/n can be related to the amplitude of magnetopause motions, which could be a measure of the driving of compressive fluctuations in the magnetosphere.
Appendix A: Correlations [94] In correlating the measured values of the heating rate DT 24 with time-averaged quantities such as hv sw i 24 , the number of independent measurements is of concern to discern the significance of the correlation coefficient. One could take N ind = N meas in the expression 2/N ind 1/2 to be the 2 sigma level of correlation [Hald, 1952] , where N meas is the total number of measurements. But two effects may lower the effective value of N ind in the 2/N ind 1/2 expression: (1) the hv sw i 24 measurements have been created by time averaging v sw and so the hv sw i 24 values are not independent of each other even if the v sw values are, and (2) there is temporal persistence in the DT 24 values and in the v sw and hv sw i 24 values. These two effects are explored in sections A1 and A2. In section A3 the options to estimate of the effective value of N ind are discussed. rule of thumb, numerical experiments were performed.
A1. Numerical Experiments With Differencing and Averaging
[96] First, an ensemble of 10,000 sets of 100,000 pairs of random numbers (x, y) was created. The random numbers were boxcar distributed. For each of the 10,000 sets of point pairs, the linear correlation coefficient R corr between x and y was calculated. The occurrence distribution of those 10,000 values of R corr are binned as the blue curve in Figure A1 . The distribution is approximately Gaussian and has a standard deviation of 0.00320. This standard deviation is very close to 1/N meas 1/2 = 0.00316 for N meas = 100,000. (For a discussion of the validity of the 2/N 1/2 rule of thumb for correlations when the data values are not Gaussian distributed, see Appendix B of Borovsky and Funsten [2003] .)
[97] Next, the experiment was repeated with the 10,000 sets of 100,000 pairs (x, y) by taking the 24-point differences of the 100,000 x values to make 100,000 values of Dx 24 and taking the 24-point average of the 100,000 y values to make 100,000 values of hyi 24 . The for each of the 10,000 sets of (Dx 24 , hyi 24 ) values, the linear correlation coefficient R corr is calculated. The occurrence distribution of these R corr values is plotted as the red curve in Figure A1 . The distribution is approximately Gaussian and has a standard deviation of 0.00318, which is again very close to the 1/N meas 1/2 value of 0.00316 for N meas = 100,000 points.
[98] Hence, the 24 h averaging does not alter the appropriateness of the 2/N meas 1/2 benchmark for the correlation coefficients between the 24 h differences DT 24 and the 24 h averages of Kp, v sw , n sw , etc.
A2. Temporal Persistence in the Measurements
[99] Temporal persistence in a time series of measurements adds redundant information into the measurement points reducing the statistical independence of the measurements. This will act to lower the effective value of N ind in the 2/N ind 1/2 rule of thumb for correlation coefficients. To study the magnitude of this reduction in the effective value of N ind in one set of correlations (DT 24 , hv sw i 24 ), the autocorrelation functions of DT 24 and hv sw i 24 are examined for the measurements in the 26-72 h timeframe after storm onset, and the persistence in the correlation coefficient between DT 24 and hv sw i 24 is examined.
[100] The autocorrelation function is a measure of the persistence in a time series. In Figure A2 the autocorrelation Figure A1 . Thee distributions of 10,000 values of R corr . The R corr values in the blue distribution are from 10,000 sets each with 100,000 points (x, y) where x and y are random numbers. The R corr values in the red distribution are from 10,000 sets each with 100,000 points (Dx 24 , hyi 24 ) where Dx 24 is the 24-point difference of x values and hyi 24 is the 24-point average of y values. The R corr values in the green distribution are from 10,000 sets each with 100,000 points (hyi 9 , hyi 36 ) where hxi 9 is the 9-point average of x values and hyi 36 is the 36-point average of y values.
functions of DT 24 and hv sw i 24 are plotted as the green and blue curves, respectively. Only measurements in the 36-72 h intervals after storm onset for the 93 high-speed stream-driven storms is used in the autocorrelation functions. The autocorrelation function A(Dt) is constructed from a function f(t) by first subtracting the average value of the function hf(t)i to produce a new function F(t) = f(t) − hf(t)i; the autocorrelation function A(Dt) of f(t) is then
[101] For a time shift Dt = 0, the autocorrelation function A (0) = 1 and the autocorrelation function is symmetric for positive or negative values of Dt. The time scale for decline of the autocorrelation function from unity is a measure of the persistence of the function f(t). Typically, the time shift Dt at which A(Dt) = 1/e = 0.368 is taken as the "autocorrelation time" of the function f(t). As can be seen in Figure A2 , the autocorrelation time of hv sw i 24 is greater than 24 h. Extrapolating the plotted autocorrelation function to the 1/e level yields a correlation time of about 33 h. This is because (1) the solar wind velocity v sw has a long autocorrelation time during the high-speed stream-driven storms and (2) there has been 24 h average if v sw to produce hv sw i 24 . The autocorrelation time for DT 24 is about 11 h, which means information about dT/dt is spread across about 11 hourly measurements owing to persistence of dT/dt.
[102] A check on this persistence is obtained by calculating the correlation coefficient R corr (Dt) between DT 24 and hv sw i 24 with time shifts Dt between DT 24 and hv sw i 24 . The resulting R corr (Dt) values are plotted as the black curve in Figure A2 . Values of Dt > 0 have DT 24 leading hv sw i 24 in time and values of Dt < 0 have DT 24 lagging in time behind hv sw i 24 . As can be seen, the black curve falls to 1/e of its peak values in about 14 h. This 14 h is close to the DT 24 autocorrelation time of 11 h. Note that the peak of the R corr values occurs for a time shift Dt ∼ −3 h.
[103] With these autocorrelation values (about 11 h for DT 24 and about 33 h for hv sw i 24 ) numerical experiments are Figure A2 . For measurements in the 36-72 h time window after storm onset for the 93 storms, the autocorrelation functions of DT 24 (green) and hv sw i 24 (blue) are plotted, and the linear correlation coefficient R corr (Dt) between DT 24 and hv sw i 24 is plotted in black as a function of the time shift Dt between the DT 24 and hv sw i 24 measurements.
performed to discern the effective N ind value to take in the 2/N ind 1/2 expression. The numerical experiment of section A1 is repeated by 9-point averaging the x values and 36-point averaging the y values, producing 10,000 sets each with 100,000 points (hxi 9 , hyi 36 ). The 10,000 linear correlation coefficients R corr are calculated and the distribution of the R corr values is plotted as the green curve in Figure A1 . The standard deviation of the R corr values is 0.00891, which is approximately 3 times the 0.00316 value of 1/N meas 1/2 for 100,000 points. This value 0.00819 is on the order of the value 1/(N meas /9) 1/2 = 0.00949, where the 9 was the smaller of the two averagings 9 and 36. Having autocorrelation values of about 11 h for DT 24 and about 33 h for hv sw i 24 , this numerical experiment guides us to use the smaller of the two values and thus take N ind = N meas /11 as an effective value in the 2/N ind 1/2 expression.
A3. Effective Number of Measurements
[104] In the rule of thumb 2/N ind 1/2 for discerning whether correlation coefficients are significant (relative to random correlations), thee choices are discussed for the value of N ind , the number of independent measurements. First, one could take N ind to be the actual number of measurements N meas , but owing to the persistence in the measurements that would be on overestimate of the number of independent measurements N ind . Second, based on the measurements of persistence in the data sets, one could take N ind = N meas /11 for the present study using 1 h data points with 11 h persistence. This is probably the most accurate estimate of N ind . Third, to be conservative about estimating the significance of correlation coefficients, one could take for the present study N ind = N meas /36. The 36 comes from the fact that in each time interval 36-72 h after storm onset there are 36 1 h measurements. Hence N meas /36 takes there to be 1 independent measurement per satellite per storm. (Actually, owing to data dropouts, etc. there are on average less then 36 measurements taken per storm.)
